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Objective: This study aimed to investigate alignment based on age in normal knees and alignment based
on deformity in osteoarthritis (OA) knees using detailed radiographic parameters.
Design: Various parameters were measured from weight-bearing long leg radiographs of 1251 legs (797
normal and 454 OA knees) as a cross-sectional study. Normal knees were classiﬁed by age (young, middle
aged, aged, and elderly) and symptomatic OA knees on the basis of the alignment (femorotibial angle
(FTA): mild, moderate, severe and profound). The mean measurements in each group were calculated
and compared within each group.
Results: The femoral shaft showed medially bowed curvature (femoral bowing) of approximately 2 in the
young normal group, which shifted to lateral bowing with age. However, OA knees showed larger lateral
bowing with OA grade, which might reduce the condylar-shaft angle and subsequently shifted the
mechanical axis medially. Progression of mild to moderate OA might be associated with a decreasing
condylar-shaft angle (femoral condylar orientation) and widening condylar-plateau angle (joint space
narrowing) rather than decreasing tibial plateau ﬂattering. Steeping of the tibial plateau inclination due
to increasing tibial plateau shift (tibial plateau compression) rather than medial tibial bowing might be
the main contributor to worsening of varus deformity in knees with severe and profound OA.
Conclusions: This cross-sectional study might provide the possibility of OA initiation and progression.
The lateral curvature of the femoral shaft associated with aging may contribute to the initiation of varus-
type OA of the knee. These changes in the femur may be followed by secondary signs of OA progression
including varus femoral condylar orientation, medial joint space narrowing, and tibial plateau
compression.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The prevalence of symptomatic knee osteoarthritis (OA) is
estimated to be 30% among persons aged >60 years1e3. Knee OA
more often affects the medial than the lateral compartment4. VarusT. Matsumoto, Department of
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ternational. Published by Elsevier Lmalalignment of the lower extremity has previously been shown to
increase the risk of OA progression in the medial compartment of
the knee5. Static and dynamic alignment have recently been re-
ported to be strong predictors of longitudinal progression5e7.
Static alignment, deﬁned as the hip-knee-ankle angle in the
coronal plane, is easily assessed from a full-length standing radio-
graph of the entire leg. Characteristic deformities relative to normal
knees8e10 may reﬂect disease progression. Cooke and colleagues
reported in their studies using QUESTOR® precision radiographs
(QPR) that limb alignment deformity might be signiﬁcantly asso-
ciated with abnormality of the femur and condylar-plateau angle;
in particular, a reduced valgus angle at the distal femur accompa-
nied varus limb alignment and a widened condylar-plateau angle,
with a pattern of focal joint degradation in the medial tibiofemoral
compartment11. This series of studies12e14 provided surgeons withtd. All rights reserved.
T. Matsumoto et al. / Osteoarthritis and Cartilage 23 (2015) 217e223218important insight into the nature of knee OA progression: devel-
opmental abnormalities contribute to knee OA progression rather
than OA progression resulting in deformities. A population-based
cohort study of 1501 participants followed over a mean period of
6.6 years found both valgus and varus alignment to be associated
with greater incidence of knee OA15. Tanamas and colleagues16
systematically reviewed 14 studies of the relationship between
malalignment of the knee and progression and/or development of
knee OA and found knee malalignment to be an independent risk
factor for progression of knee OA5,15,17e21.
The development of femoral and tibial shaft bowing and distal
femoral and proximal tibial deformity were rarely considered in
detail in the above-described studies. However, several Asian
studies have found lateral femoral bowing in OA-affected legs, and
obliquity of the proximal tibial joint surface in knees with advanced
OA can present with severe varus inclination22e27. Therefore, to
explore the possibility for the initiation and progression of knee OA
as a cross-sectional study, we performed a detailed assessment of
11 parameters in 1251 entire lower limb alignments for normal
knees in the view point of aging and for OA-affected knees in
different staged deformities. We focused especially on data related
to femoral bowing, joint space narrowing, femoral condylar
orientation, tibial plateau inclination, and tibial plateau compres-
sion for comparison with previous studies11,23,24,27.
Methods
Participant enrollment
The hospital ethics committee approved the study protocol, and
the patients provided informed consent to participate in the study.
We conducted cross-sectional study comparing limb alignment
between normal volunteers and OA patients who visited at Kobe
University in Japan. To explore the possibility for knee OA initiation
and progression, the study included normal volunteers and pa-
tients with OA. The exclusion criteria for the normal volunteers
were any knee-related symptoms, history of arthritis, and lower
limb trauma, resulting in enrollment of 797 normal knees with 797
patients. These subjects were divided by age into 4 subcategories:
young (15e39 years), middle-aged (40e54 years), aged (55e69
years), and elderly (70 years). Especially in the elderly group,
whereas they have never had symptoms and consult related to the
knee, some of them had radiographic OA. The normal volunteers’
demographic data, including numbers, gender, and mean age
(range), are shown in Table I.
Patients with symptomatic OA who routinely visited outpatient
clinics at the hospital due to their knee pain with apparent radio-
graphic OA were also recruited. The exclusion criteria of OA group
were previous surgery such as osteotomy or knee arthroplasty,
history of lower limb trauma, severe hip disease, and severe valgusTable I
Demographic data in normal and OA group
Female Male
Normal Young (15e39 yrs) 126 (23.2 (18e38)) 147 (24.4 (17e39))
Middle-aged (40e54 yrs) 106 (48.9 (41e54)) 29 (47.2 (42e53))
Aged (55e69 yrs) 150 (61.9 (55e68)) 54 (62.3 (57e69))
Elderly (70 yrs) 143 (76.7 (71e88)) 42 (75.3 (70e86))
OA Mild (FTA < 180) 182 (68.9 (46e78)) 42 (69.1 (48e79))
Moderate
(180  FTA < 185)
108 (69.1 (51e82)) 29 (67.8 (48e83))
Severe (185  FTA < 190) 37 (70.3 (62e88)) 17 (70.1 (58e85))
Profound (FTA  190) 29 (73.5 (63e88)) 10 (72.6 (68e86)
FTA: femorotibial angle.
Values are shown as the number in each subgroup (mean age (range)).deformed knee. Patients with rheumatoid arthritis, arthritis due to
collagen disease, or osteonecrosis were also excluded, resulting in
enrollment of 454 OA-affected knees with 454 patients. When
bilateral knees had OA changes, the severe side was chosen for the
inclusion in the study. The participants with OAwere divided into 4
subcategories by femorotibial angle (FTA): mild (170 and <180),
moderate (180 and <185), severe (185 and <190), and pro-
found (190). The demographic data of the patients with OA,
including numbers, gender, and mean age (range), are also shown
in Table I.
Radiographic assessment of lower limb alignment
A bilateral standing radiographic approach was used
(QUESTOR® precision radiography; QPR) with a standard patient
stance as previously described12,13,28. A set of markers that cast
shadows on the ﬁlm was included for correction of parallax errors;
these were digitized along with key bone landmarks on the images.
Custom software provided data output in a standard format. Cali-
bration of the method indicated reproducibility of the angles
among the different operators and digitizers of about ±1.3. How-
ever, contrived positional errors (20 of limb rotation and 20 of
ﬂexion) increased the standard deviations of the knee angles to
about 213. In practice, the method controls for malpositioning er-
rors such as limb rotation because the operator aligns the ﬂexion
plane with the sagittal plane during patient set-up. Flexion de-
formities, however, are not so easily controlled or compensated for,
so signiﬁcant error could arise if the deformity is severe (>20).
Radiographs exhibiting signiﬁcant rotational malposition and/or
ﬂexion deformity of >20 were therefore excluded.
The calculation system was based on the tibial plateau line, the
condylar line, and the lines connecting several points such as the
centers of the femoral head, knee, and ankle (mid-malleolar
point)12. Therefore, this system does not consider bowing of the
femoral and tibial shafts. Nagamine et al. reported that Japanese
patients with knee OA generally exhibit bowing of the femoral shaft
and proximal tibia vara, with lateral offset of the tibial shaft relative
to the center of the tibial plateau24. To explore the bony anatomy in
more detail, including femoral and tibial shaft bowing and proximal
tibial vara, the QPR data were augmented with additional long leg
weight-bearing radiographs, from which an additional point was
measured to calculate the shaft bowing. Radiographs were taken
with the patient standing facing the X-ray tube with the weight
distributed as evenly as possible on both feet and the knee in
maximal extension13.
The measurement points used in the present study are shown in
Fig. 1(A): the center of the femoral head (O), midpoint of the narrow
femoral neck (N), mid-trochanteric point (F), intercondylar notch of
the femur (I), medial and lateral condylar distal points (C1, C2), tip of
the tibial plateau (E), medial and lateral edges of the tibial plateau
(P1, P2),mid-malleolar point (T), midpoint of the femoral shaft at the
distal-most of the lesser trochanters (F1), midpoint of the femoral
shaft 7.5 cm distal to F1, midpoint of the femoral shaft 15 cm prox-
imal to the condylar line (F3), midpoint of the femoral shaft 7.5 cm
proximal to the condylar line (F4), midpoint of the tibial shaft 7.5 cm
distal to the tibial plateau (T1), midpoint of the tibial shaft 15 cm
distal to the tibial plateau (T2), midpoint of the tibial shaft 15 cm
proximal to the distal-most tibial line (T3), andmidpoint of the tibial
shaft 7.5 cm proximal to the distal-most tibial line. In a modiﬁcation
of a previously reported technique12, the 11 parameters of alignment
connecting these points were measured as shown in Fig. 1(B): a.
Femoro-tibial (FSTS) angle (FI-ET), b. Femoral neck-shaft (FNFS)
angle (ON-FI), c. Condylar-shaft (FSXC) angle (FI-C1C2) (Femoral
condylar orientation), d. Plateau-ankle (TPTS) angle (P1P2-ET) (Tibial
plateau inclination), e. Condylar-plateau (XCTP) angle (C1C2-P1P2)
Fig. 1. (A) The following anatomical points were deﬁned: center of femoral head (O),
midpoint of narrow femoral neck (N), mid-trochanteric point (F), intercondylar notch
of the femur (I), medial and lateral condylar distal points (C1, C2), tip of the tibial
plateau (E), medial and lateral edges of the tibial plateau (P1, P2), mid-malleolar point
(T), midpoint of the femoral shaft at the distal-most of the lesser trochanters (F1),
midpoint of the femoral shaft 7.5 cm distal to F1, midpoint of the femoral shaft 15 cm
proximal to the condylar line (F3), midpoint of the femoral shaft 7.5 cm proximal to the
condylar line (F4), midpoint of the tibial shaft 7.5 cm distal to the tibial plateau (T1),
midpoint of the tibial shaft 15 cm distal to the tibial plateau (T2), midpoint of the tibial
shaft 15 cm proximal to the distal-most tibial line (T3), and midpoint of the tibial shaft
7.5 cm proximal to the distal-most tibial line (T4). (B) Eleven alignment parameters
connecting the points shown in Fig. 1 were measured. (a) The femorotibial or femoral
shaft-tibial shaft (FSTS) angle was deﬁned as the angle between the femoral shaft and
the tibial shaft (FT-ET). (b) The femoral neck-shaft or femoral neck-femoral shaft (FNFS)
angle was deﬁned as the angle between the line from the center of the femoral head
(O) to the midpoint of narrow femoral neck (N) and the femoral shaft (ON-FI). (c) The
condylar-shaft or femoral shaft-transcondylar (FSXC) angle (femoral condylar orienta-
tion) was deﬁned as the angle between the femoral transcondylar tangent and the
femoral shaft (line from the mid-trochanteric point (F) to the intercondylar notch (I))
(C1C2-FI), expressed as degrees valgus (þ) or varus () deviation from 90 . (d) The
plateau-ankle or tibial plateau-tibial shaft (TPTS) angle (tibial plateau inclination) was
deﬁned as the angle between the tibial articular marginal line and the tibial shaft
(P1P2-ET), expressed as degrees valgus (þ) or varus () deviation from 90 . (e) The
condylar-plateau or transcondylar-tibial plateau (XCTP) angle (joint space narrowing)
was deﬁned as the angle between the femoral transcondylar tangent and the tibial
plateau (C1C2-P1P2), expressed as degrees valgus () or varus (þ) deviation from 0 .
(f) The mechanical axis-capitomidcondylar (MACM) angle was deﬁned as the angle
between the mechanical axis (line from the center of the femoral head (O) to the mid-
malleolar point (T)) and capitomidcondylar axis (OT-OI), expressed as degrees valgus
() or varus (þ) deviation from 0 . (g) The femoral neck-proximal shaft or femoral
neck-proximal femoral shaft (FNpFS) angle was deﬁned as the angle between the line
from the center of the femoral head (O) to the midpoint of the narrow femoral neck (N)
and the proximal femoral shaft (ON-F1F2). (h) The femoral proximal-distal shaft or
femoral proximal shaft-femoral distal shaft (pFSdFS) angle (femoral bowing) was
deﬁned as the angle between the proximal femoral shaft and the distal femoral shaft
(F1F2-F3F4), expressed as degrees medial (þ) or lateral () bowing deviation from 0 .
(i) The condylar-proximal shaft or proximal femoral shaft-transcondylar (pFSXC) angle
was deﬁned as the angle between the femoral transcondylar tangent and the distal
femoral shaft (C1C2-F3F4), expressed as degrees valgus (þ) or varus () deviation from
90 . (j) The tibial plateau tip-proximal shaft or tibial plateau tip-proximal tibial shaft
(tTPpTS) angle (tibial plateau compression) was deﬁned as the angle between the line
from the tip of the tibial plateau (E) to the midpoint of the tibial shaft 7.5 cm distal to
the tibial plateau (T1) and the proximal tibial shaft (ET1-T1T2). (k) The tibial proximal-
distal shaft or tibial proximal shaft-tibial distal shaft (pTSdTS) angle was deﬁned as the
angle between the proximal tibial shaft and the distal tibial shaft (T1T2-T3T4),
expressed as degrees medial (þ) or lateral () bowing deviation from 0 .
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(MACM) angle (OT-OI), g. Femoral neck-proximal shaft (FNpFS)
angle (ON-F1F), h. Femoral proximal-distal shaft (pFSdFS) angle
(F1F2-F3F4) (Femoral bowing), i. Condylar-proximal shaft (pFSXC)
angle (C1C2-F3F4), j. Tibial plateau tip-proximal shaft (tTPpTS) angle
(ET1-T1T2) (Tibial plateau compression), k. Tibial proximal-distal
shaft (pTSdTS) angle (T1T2-T3T4).
To determine the intra- and inter-observer reliabilities of the
radiographic assessment, the 2 investigators performed all radio-
graphic assessments twice on 20 randomly selected radiographs.
The intra- and inter-observer reliabilities of all radiographic mea-
surements were evaluated using intraclass correlation coefﬁcients
(ICCs). The ICCs for intra- and inter-observer reliability were >0.85
(range, 0.86e0.95) for all measurements. Based on the observed
reliability of the results, measurements taken by a single investi-
gator (MH) were used in the analyses.
Data analysis
Each measurement was expressed as the mean ± standard de-
viation of the mean (SD), and a statistical software package (Stat-
view 5.0, Abacus Concepts, Inc., Berkeley, CA) was used to analyze
the data, especially the femoral bowing, joint space widening,
femoral condylar orientation, tibial plateau inclination, and tibial
plateau compression. We performed repeated measures of analysis
of variance (ANOVA) to compare the values among 4 different
subgroups in normal and OA group, and performed a post hoc
analysis by Fisher's PLSD test. A P-value of <0.01 was considered
indicative of a statistically signiﬁcant difference in each value.
Results
Limb alignment in normal subjects
Eleven parameters of normal subjects were measured in 4 age-
based subgroups: young (15e39 years), middle-aged (40e54
years), aged (55e69 years), and elderly (70 years) (Table II). The
femoro-tibial (a. FSTS) angle showed a slight varus alignment in
normal subjects, especially in males; the mechanical axis-
capitomidcondylar (f. MACM) angle showed slight varus align-
ment. The femoral proximal-distal shaft (h. pFSdFS) angle showed
medial bowing of the femoral shaft, especially in the young and
middle-aged populations, indicating that medial bowing of the
femoral shaft decreased with age. Both the femoral neck-shaft (b.
FNFS) and femoral neck-proximal shaft (g. FNpFS) angles decreased
with age. The condylar-plateau (e. XCTP) angle remained stable,
showing a slight medial narrowing twist regardless of age. Both the
condylar-shaft (c. FSXC) and condylar-proximal shaft (i. pFSXC)
angles remained stable, with no variation with age. The plateau-
ankle (d. TPTS) angle also remained stable at approximately 4
degrees varus relative to the tibial shaft regardless of age. The tibial
plateau tip-proximal shaft (j. tTPpTS) and tibial proximal-distal
shaft (k. pTSdTS) angles showed a consistent slight varus align-
ment with no association with age.
Limb alignment in subjects with OA
Eleven parameters were measured in 4 FTA-based subgroups of
patients with OA: mild (FTA < 180), moderate (>180 and <185),
severe (>185 and <190), and profound (>190) (Table III). The
mechanical axis-capitomidcondylar (f. MACM) angle increased
with the degree of varus deformity. The femoral proximal-distal
shaft (h. pFSdFS) angle showed lateral bowing of the femoral
shaft as the varus deformity increased. Both the femoral neck-shaft
(b. FNFS) and femoral neck-proximal shaft (g. FNpFS) angles
Table III
Alignment parameters in participants with OA
Female
(n ¼ 356)
Male
(n ¼ 98)
a. Femoro-tibial Mild 178.9 ± 2.2 176.9 ± 2.6
(FSTS) (FI-ET) Moderate 181.9 ± 2.4 182.1 ± 1.6
Severe 186.7 ± 1.3 186.9 ± 1.4
Profound 194.1 ± 3.2 192.1 ± 2.1
b. Femoral neck-shaft Mild 126.7 ± 6.7 126.6 ± 5.1
(FNFS) (ON-FI) Moderate 126.3 ± 6.5 125.6 ± 5.7
Severe 126.7 ± 8.3 130.0 ± 8.1
Profound 127.3 ± 6.7 126.7 ± 4.5
c. Condylar-shaft Mild 98.8 ± 2.3 98.8 ± 2.0
(FSXC) (FI-C1C2) Moderate 97.1 ± 2.1 97.3 ± 2.3
Femoral condylar orientation Severe 96.0 ± 2.3 95.9 ± 2.1
Profound 95.3 ± 3.1 95.0 ± 1.6
d. Plateau-ankle Mild 86.4 ± 2.2 86.4 ± 2.1
(TPTS) (P1P2-ET) Moderate 84.8 ± 1.8 84.3 ± 1.7
Tibial plateau inclination Severe 83.2 ± 2.1 82.7 ± 2.3
Profound 79.2 ± 3.0 79.8 ± 2.0
e. Condylar-plateau Mild 2.4 ± 1.8 2.3 ± 1.5
(XCTP) (C1C2-P1P2) Moderate 3.8 ± 1.9 3.8 ± 1.9
Joint space narrowing Severe 6.1 ± 2.1 5.9 ± 2.0
Profound 9.0 ± 3.8 7.2 ± 1.8
f. Mechanical axis-
capitomidcondylar
Mild 1.1 ± 1.1 1.2 ± 1.3
(MACM) (OT-OI) Moderate 3.3 ± 0.8 3.4 ± 1.1
Severe 5.5 ± 0.8 5.6 ± 0.8
Profound 8.8 ± 1.6 8.1 ± 1.1
g. Femoral neck-proximal shaft Mild 127.5 ± 6.4 126.7 ± 5.4
(FNpFS) (ON-F1F) Moderate 127.9 ± 6.4 126.0 ± 6.2
Severe 128.6 ± 8.1 129.7 ± 9.1
Profound 129.9 ± 6.7 128.4 ± 5.8
h. Femoral proximal-distal shaft Mild 1.4 ± 3.1 0.0 ± 3.0
(pFSdFS) (F1F2-F3F4) Moderate 3.3 ± 3.3 1.2 ± 3.0
Femoral bowing Severe 4.5 ± 2.9 1.6 ± 3.8
Profound 5.9 ± 3.2 3.2 ± 4.1
i. Condylar-proximal shaft Mild 99.6 ± 2.1 99.6 ± 2.1
(pFSXC) (C1C2-F3F4) Moderate 98.6 ± 2.1 98.5 ± 1.0
Severe 98.3 ± 1.9 96.0 ± 1.4
Profound 97.8 ± 2.5 96.5 ± 1.3
j. Tibial plateau tip-proximal shaft Mild 1.4 ± 2.1 0.7 ± 2.1
(tTPpTS) (ET1-T1T2) Moderate 2.3 ± 2.1 2.2 ± 2.1
Tibial plateau compression Severe 2.5 ± 2.6 3.2 ± 2.4
Profound 4.5 ± 2.7 5.3 ± 2.5
k. Tibial proximal-distal shaft Mild 1.6 ± 1.3 1.1 ± 1.5
(pTSdTS) (T1T2-T3T4) Moderate 1.3 ± 1.5 1.3 ± 1.7
Severe 0.5 ± 1.4 0.9 ± 1.5
Profound 0.3 ± 1.5 1.2 ± 1.9
Values are shown as the mean ± standard deviation.
Deﬁnitions of the terms (aek) correspond to the terms shown in Fig. 1.
In each deﬁnition, 4 subgroups regarding alignment (mild, moderate, severe, pro-
found) are shown.
Table II
Alignment parameters in normal participants
Female
(n ¼ 525)
Male
(n ¼ 272)
(a) Femoro-tibial Young 175.6 ± 2.6 176.7 ± 2.4
(FSTS) (FI-ET) Middle-aged 175.0 ± 2.6 176.7 ± 2.6
Aged 175.7 ± 2.5 175.9 ± 2.5
Elderly 175.2 ± 2.5 175.6 ± 2.4
(b) Femoral neck-shaft Young 132.0 ± 5.2 130.2 ± 5.5
(FNFS) (ON-FI) Middle-aged 129.3 ± 5.7 126.0 ± 7.2
Aged 127.3 ± 6.1 125.8 ± 6.9
Elderly 124.6 ± 5.9 122.8 ± 5.5
(c) Condylar-shaft Young 99.6 ± 1.9 99.1 ± 1.7
(FSXC) (FI-C1C2) Middle-aged 99.5 ± 2.0 98.8 ± 1.7
Femoral condylar orientation Aged 98.6 ± 2.2 98.7 ± 2.1
Elderly 99.4 ± 2.3 99.6 ± 2.0
(d) Plateau-ankle Young 85.6 ± 2.2 85.1 ± 2.4
(TPTS) (P1P2-ET) Middle-aged 86.5 ± 2.1 85.6 ± 2.1
Tibial plateau inclination Aged 86.6 ± 2.5 86.4 ± 2.1
Elderly 86.5 ± 2.3 86.0 ± 1.7
(e) Condylar-plateau Young 0.7 ± 1.2 0.7 ± 1.0
(XCTP) (C1C2-P1P2) Middle-aged 1.0 ± 1.5 1.1 ± 1.7
Joint space narrowing Aged 0.7 ± 1.3 1.1 ± 1.0
Elderly 1.0 ± 1.3 9.9 ± 1.4
(f) Mechanical axis-
capitomidcondylar
Young 0.0 ± 1.2 0.8 ± 1.1
(MACM) (OT-OI) Middle-aged 0.1 ± 1.1 1.0 ± 1.3
Aged 0.5 ± 1.1 0.8 ± 1.1
Elderly 0.4 ± 1.2 0.4 ± 1.2
(g) Femoral neck-proximal shaft Young 130.9 ± 5.3 128.7 ± 5.2
(FNpFS) (ON-F1F) Middle-aged 128.7 ± 5.3 125.0 ± 6.7
Aged 127.3 ± 6.2 125.9 ± 6.6
Elderly 125.1 ± 5.5 123.0 ± 5.1
(h) Femoral proximal-distal shaft Young 2.1 ± 2.3 2.6 ± 2.4
(pFSdFS) (F1F2-F3F4) Middle-aged 1.1 ± 2.2 2.3 ± 2.2
Femoral bowing Aged 0.4 ± 2.7 0.1 ± 2.4
Elderly 0.8 ± 2.5 0.0 ± 3.1
(i) Condylar-proximal shaft Young 98.6 ± 1.8 97.8 ± 1.9
(pFSXC) (C1C2-F3F4) Middle-aged 99.0 ± 2.1 97.4 ± 2.1
Aged 99.0 ± 2.1 98.8 ± 2.3
Elderly 99.8 ± 2.0 99.3 ± 1.6
(j) Tibial plateau tip-proximal
shaft
Young 1.6 ± 1.8 2.6 ± 1.9
(tTPpTS) (ET1-T1T2) Middle-aged 1.5 ± 1.8 2.0 ± 2.0
Tibial plateau compression Aged 1.5 ± 1.6 1.2 ± 1.8
Elderly 1.4 ± 2.0 1.7 ± 1.7
(k) Tibial proximal-distal shaft Young 1.2 ± 1.5 1.3 ± 1.6
(pTSdTS) (T1T2-T3T4) Middle-aged 1.6 ± 1.3 0.8 ± 1.8
Aged 1.2 ± 1.3 1.1 ± 1.2
Elderly 1.5 ± 1.4 1.4 ± 1.7
Values are shown as the mean ± standard deviation.
Deﬁnitions of the terms (aek) correspond to the terms shown in Fig. 1.
In each deﬁnition, 4 subgroups regarding age (young, middle-aged, aged, elderly)
are shown.
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condylar-plateau (e. XCTP) angle increased with the degree of varus
deformity. Both the condylar-shaft (c. FSXC) and condylar-proximal
shaft (i. pFSXC) angles decreased as varus deformity increased. The
plateau-ankle (d. TPTS) angle remained stable at approximately 4
varus relative to the tibial shaft in knees with early-stage OA;
however, in knees with moderate or worse deformity, the angle
decreased with the degree of varus deformity. The tibial plateau
tip-proximal shaft (j. tTPpTS) angle increased as varus deformity
worsened, whereas the tibial proximal-distal shaft (k. pTSdTS)
angle showed a consistent slightly varus alignment.
Key parameters in normal and OA-affected knees
Femoral bowing (h)
Themedial/lateral bowing of the femoral shaft (pFSdFS) (femoral
bowing) varied with age in normal knees: the medial bowing in theyoung and middle-aged populations gradually switched to lateral
bowing in the aged and elderly populations even in the absence of
knee-related symptoms (P < 0.01 for middle-aged vs aged). In pa-
tients with OA, the lateral bowing was deﬁned in those with early-
stage OA and increased as the varus deformity worsened, especially
in females (P < 0.01 for mild vs moderate, moderate vs severe, and
severe vs profound) (Table IV).
Joint space widening (e)
The condylar-plateau (XCTP) angle (joint space widening)
remained consistent in normal subjects regardless of age but
increased with worsening of varus deformity in subjects with OA
(P < 0.01 for mild vs moderate, moderate vs severe, and severe vs
profound) (Table IV).
Femoral condylar orientation (c)
Both the condylar-shaft (FSXC) angle (femoral condylar orienta-
tion) and condylar-proximal shaft (i. pFSXC) angle showed no
Table IV
Key parameters in normal and OA knees
Female
(n ¼ 881)
Male
(n ¼ 370)
(c) Condylar-shaft Young 99.6 ± 1.9 99.1 ± 1.7
(FSXC) (FI-C1C2) Middle-aged 99.5 ± 2.0 98.8 ± 1.7
Femoral condylar orientation Aged 98.6 ± 2.2 98.7 ± 2.1
Elderly 99.4 ± 2.3 99.6 ± 2.0
Mild 98.8 ± 2.3 98.8 ± 2.0
Moderate 97.1 ± 2.1* 97.3 ± 2.3*
Severe 96.0 ± 2.3* 95.9 ± 2.1*
Profound 95.3 ± 3.1 95.0 ± 1.6
(d) Plateau-ankle Young 85.6 ± 2.2 85.1 ± 2.4
(TPTS) (P1P2-ET) Middle-aged 86.5 ± 2.1 85.6 ± 2.1
Tibial plateau inclination Aged 86.6 ± 2.5 86.4 ± 2.1
Elderly 86.5 ± 2.3 86.0 ± 1.7
Mild 86.4 ± 2.2 86.4 ± 2.1
Moderate 84.8 ± 1.8* 84.3 ± 1.7*
Severe 83.2 ± 2.1* 82.7 ± 2.3*
Profound 79.2 ± 3.0* 79.8 ± 2.0*
(e) Condylar-plateau Young 0.7 ± 1.2 0.7 ± 1.0
(XCTP) (C1C2-P1P2) Middle-aged 1.0 ± 1.5 1.1 ± 1.7
Joint space narrowing Aged 0.7 ± 1.3 1.1 ± 1.0
Elderly 1.0 ± 1.3 0.9 ± 1.4
Mild 2.4 ± 1.8 2.3 ± 1.5
Moderate 3.8 ± 1.9* 3.8 ± 1.9*
Severe 6.1 ± 2.1* 5.9 ± 2.0*
Profound 9.0 ± 3.8* 7.2 ± 1.8*
(h) Femoral proximal-distal shaft Young 2.1 ± 2.3 2.6 ± 2.4
(pFSdFS) (F1F2-F3F4) Middle-aged 1.1 ± 2.2 2.3 ± 2.2
Femoral bowing Aged 0.4 ± 2.7* 0.1 ± 2.4*
Elderly 0.8 ± 2.5 0.0 ± 3.1
Mild 1.4 ± 3.1 0.0 ± 3.0
Moderate 3.3 ± 3.3* 1.2 ± 3.0*
Severe 4.5 ± 2.9* 1.6 ± 3.8
Profound 5.9 ± 3.2* 3.2 ± 4.1*
(j) Tibial plateau tip-proximal
shaft
Young 1.6 ± 1.8 2.6 ± 1.9
(tTPpTS) (ET1-T1T2) Middle-aged 1.5 ± 1.8 2.0 ± 2.0
Tibial plateau compression Aged 1.5 ± 1.6 1.2 ± 1.8
Elderly 1.4 ± 2.0 1.7 ± 1.7
Mild 1.4 ± 2.1 0.7 ± 2.1
Moderate 2.3 ± 2.1* 2.2 ± 2.1*
Severe 2.5 ± 2.6 3.2 ± 2.4*
Profound 4.5 ± 2.7* 5.3 ± 2.5*
*: P < 0.01 relative to the preceding value.
Values are shown as the mean ± standard deviation.
Deﬁnitions of the terms (h, I, c, d, j) correspond to the terms shown in Fig. 1.
In each deﬁnition, 4 age subgroups (young, middle-aged, aged, elderly) and 4
alignment subgroups (mild, moderate, severe, profound) are shown.
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the degree of varus deformity increased in subjects with OA
(P < 0.01 for mild vs moderate and moderate vs severe) (Table IV).Tibial plateau inclination (d)
The plateau-ankle (TPTS) angle (tibial plateau inclination)
maintained a value of approximately 4 varus relative to the tibial
shaft in normal subjects and those with early-stage OA; however,
the value decreased as deformity progressed to moderate and
worse (P < 0.01 for mild vs moderate, moderate vs severe, and
severe vs profound) (Table IV).Tibial plateau compression (j)
Although the tibial plateau tip-proximal shaft (tTPpTS) (tibial
plateau compression) and tibial proximal-distal shaft (k. pTSdTS)
angles did not change remarkably with age in normal subjects, the
tTPpTS angle increased with the degree of varus deformity in OA-
affected knees (P < 0.01 for mild vs moderate and severe vs pro-
found) (Table IV); the pTSdTS angle did not change remarkably as
OA progressed.Discussion
The present study provides novel insights into OA progression
using data from 797 normal and 454 OA-affected knees. The large
number of cases enabled us to subdivide the normal subjects by age
and the OA-affected subjects by limb alignment, allowing specu-
lation of knee OA progression. Based on the alignment changes
with age in normal knees, initiation and early progression of OA
might be mediated mainly by the switch from lateral to medial
bowing deformity of the femoral shaft accompanied by a decrease
in the femoral neck angle. Cooke and colleagues reported in their
study series that limb alignment deformity was signiﬁcantly asso-
ciated with femoral abnormality and the condylar-plateau angle11.
However, that study did not consider bowing deformities of the
femoral and tibial shafts. To include these details, we augmented
their QPR calculation system with measurement of 11 parameters
from long leg standing radiographs.
Cooke and colleagues reported that the main indicators of OA
progression were a reduced valgus angle at the distal femur
accompanying varus limb alignment and an enlarged condylar-
plateau angle (e) with a pattern of focal joint degradation in the
medial tibiofemoral compartment11. In the current study, however,
knee OA appeared to be caused by the switch from lateral to medial
bowing deformity of the femoral shaft accompanied by a reduction
in the femoral neck angle rather than by distal femoral deformation
and enlargement of the condylar-plateau angle. This was evidenced
by the gradual switch from medial bowing in young and middle-
aged participants to lateral bowing in aged and elderly partici-
pants with normal knees, especially in females, and the trans-
formation in early-stage OA to deﬁnite lateral bowing that
worsened in parallel with varus deformity [Fig. 2]. In addition, the
condylar-shaft (c. FSXC), condylar-proximal shaft (i. pFSXC), and
condylar-plateau (e. XCTP) angles did not change remarkably with
age in normal participants, suggesting that they were not associ-
ated with early OA progression. In a recent Korean study of 367
knees that underwent total knee athroplasty (TKA) and 60 female
patients who visited the same hospital for knee pain as a control
group, Lasam et al.27 reported lateral femoral bowing (h) of 5.4 in
the TKA group (88%) and 3.0 in the control group (77%). Of note, in
that study, 23.3% of the control group showed medial or no bowing
despite exhibiting knee symptoms and mild OA changes. In addi-
tion, Mullaji et al.23 examined 50 young male control limbs (mean
age, 32 years; range, 21e39 years) and found mean lateral femoral
bowing (h) of 0.4. Although these studies did not compare
symptomatic and non-symptomatic knees, they partially supported
our ﬁnding that non-symptomatic young and middle-aged in-
dividuals showed medial femoral bowing (h) (young group, 2.1 in
females and 2.6 in males; middle-aged group, 1.1 in females and
2.3 in males) that changed to lateral bowing deformity with age
(aged group,0.4 in females and 0.1 in males; elderly
group,0.8 in females and0.0 in males) or OA (mild group,1.4
in females and 0.0 in males; moderate group,3.3 in females
and 1.2 in males; severe group,4.5 in females and 1.6 in
males; profound group,5.9 in females and 3.2 in males).
After initiation, OA seems to advance with distal femoral
deformation and r-proximal shaft (i. pFSXC) angles decreased as the
varus deformity worsened, indicating reduction of the femoral
valgus angle. In addition, the condylar-plateau (e. XCTP) angle
increased with the degree of varus enlargement of the condylar-
plateau angle, as reported by Cooke and colleagues11. In the cur-
rent study, as expected, analysis of the subjects with OA revealed
that the condylar-shaft (c. FSXC) and condylar deformity, as pre-
viously reported11. As for tibial plateau inclination, large reported
tibial plateau inclinations include 7.2 in a study of Japanese pa-
tients with medial knee OA24 and 8.3 and 5.4 in patients with
Fig. 2. The medial femoral bowing in the young and middle-aged populations with
constitutional varus (A) gradually transitioned to the lateral bowing in the aged and
elderly populations even among subjects with no knee-related symptoms and became
deﬁnite lateral femoral bowing with varus orientation of the femoral condyles in
participants with early-stage OA (B), with increasing lateral femoral bowing as the
varus deformity worsened. In addition to gradual progression of lateral femoral
bowing and widening of the condylar-plateau angle (joint space narrowing), partici-
pants with severe and profound OA (C) exhibited steeping of the tibial plateau incli-
nation due to increasing tibial plateau shift (tibial plateau compression) rather than
medial tibial bowing as the main contributor to the progression of varus deformity.
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These studies also indicated that the tibial plateau inclination (d)
increased with OA advancement. However, the current study added
new speculation regarding OA progression. The plateau-ankle (d.
TPTS) angle remained approximately 4 varus relative to the tibial
shaft in normal subjects and those with early-stage OA but
decreased as varus deformity worsened in those with moderate or
worse OA, indicating that tibial deformity begins during moderate-
stage OA. Moreover, despite no remarkable change in the tibial
plateau tip-proximal shaft (j. tTPpTS) or tibial proximal-distal shaft
(k. pTSdTS) angle with age in normal subjects, in subjects with OA
the tTPpTS angle increased with the degree of varus deformity
whereas the pTSdTS angle did not change remarkably. This means
that the tibial deformation in moderate-stage OA stems from the
proximal part of the tibia rather than the shaft [Fig. 2].
This study has several limitations. Although we included sufﬁ-
cient subjects to assess the alignment changes in normal and OA-
affected knees, the design was cross-sectional rather than longi-
tudinal. Although discussion in this study has its limitations as a
cross-sectional study, results suggest the possibility of OA initiation
and progression. All participants were Japanese, and the results
could not be generalized to other populations. Nagamine et al.
compared 133 OA-affected knees with the results of previous
studies and noted that the anatomic conﬁgurations of the knees of
Japanese patients different from those reported in the United States
and Europe10,24. A future study should compare these parameters
among Japanese, Caucasian, and non-Japanese Asian populations in
a longitudinal fashion. In addition, the assessment was made fromlong-leg standing radiographs. Although this radiographic view is
known to have satisfactory accuracy and reliability29,30 and has
frequently been used in previous studies with similar
purposes9,10,23e26, it may be affected by factors such as rotational
malpositioning. Future 3-dimensional analysis should be per-
formed to conﬁrm the results of the present study.
In conclusion, we examined 797 normal knees and 454 OA-
affected knees in a Japanese population and found that changes
in the curvature of the femoral shaft associated with aging may
contribute to the initiation of knee OA. These changes in the femur
are followed by secondary signs of OA progression including varus
femoral condylar orientation, medial joint space narrowing, and
tibial plateau compression.
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